Introduction
In a recent review paper [1] , Li [2, 3] allows to make quantitative adhesion energy measurements. In addition, the film residual stress and Young's modulus can be evaluated from the initial phase of the test (bulge test). Film stress may be important for a more complete understanding of solid metal/solid substrate interfaces because previous work in one of our laboratory has demonstrated a correlation between W/Si schottky barrier height and W film residual stress [4] . In thin film technology, the blister test method has been mainly used to measure adhesion of (c) EDP 
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Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:0199700804-5026100 polymers on inorganic materials or of metals on polymers (see for example [5] ). Very few blister test experiments have yet been reported for thin inorganic films on inorganic substrates [6] although bulge test is used for a long time for such systems [7] [8] [9] [10] [11] [12] [13] . In [4] . In addition, it leads to twice larger grain sizes and to lower rare gas incorporation and resistivities [4] Figure 2 spatial period is approximately constant while the roughness slightly decreases. Beyond this pressure, the rms roughness stays constant but the spatial period becomes lower. We will see below ( Fig. 7) that the stress state of W films on Si02 becomes tensile above this pressure. These results are thought to be related to the variation with pressure of the peening effect [15] z. e. the bombardment of the growing film by Xe ions backscattered on the target and sputtered W particles.
Films Structure
Previous work showed that 0.5 J-Lm thick W films deposited directly on (100) and (111) silicon at 100 W in the same set-up have a bcc 03B1-W structure with a strong (110) preferential orientation whatever the xenon pressure in the range P = 0.1-4 Pa [4] . Diffraction coherent domain sizes estimated from the 110 peak were found to be about 50 nm below P = 2 Pa and to decrease down to 40 nm beyond [14] .
The cristallographic structure of 1 03BCm thick W films deposited on PECVD Si02/Si(100) was characterized for this study with an X-pert Philips diffractometer equipped with a ponctual Cu X-ray source (ÀKa12 -0.1542 nm) and a graphite monochromator. The Si(400) double peak from the substrate at 03B8Ka1 = 34.55° and 03B8Ka2 = 34.65° was used to check the angle calibration and measurement resolution. For xenon pressures in the range 0.2-1 Pa all films display a bcc a-W structure as for films deposited on silicon. The measured lattice parameter is around 0.317 nm in good agrément with the tabulated value (0.3165 nm). However a large change of texture was observed when xenon pressure is varied. This is illustrated by the X-ray diffraction diagrams of Figure 3 corresponding to films deposited at low pressure (0.4 Pa) (Fig. 3a) and high pressure (1 Pa) (Fig. 3b) . Note the magnifying factors on the (200), (211), (220) and (310) peaks in Figure 3a . Peaks intensity ratios in Figure 3b are close to tabulated values for polycristalline a-W with a random grain orientation while a (110) preferential orientation is clearly seen for the film deposited at low pressure (Fig. 3a) . This texture change is consistent with a larger peening effect at low pressure. Such an increase of preferential orientation with bombardment of the growing film was already observed for DC magnetron sputtered Mo [16] and more generally for various films deposited by other techniques involving ions. An energetic model was proposed recently to account for this effect [17] . This In this mechanical test a fluid pressure is applied to one side of a free-standing thin film "window" through a hole in the film substrate [2, 3] . In the first step of the experimental procedure, the fluid pressure causes the film to deflect outwards with an equilibrium shape which can be analyzed on mechanical bases (Fig. 4a) . The elastic modulus and the residual stress of the film can be determined from the analysis of this bulge test step. When increasing the fluid pressure, the film may debond from its substrate to form a blister with the shape of a spherical cap (Fig. 4b) (Fig. 5a ).
Then a 20% KOH solution at 80 ° C was used to etch anisotropically square holes in the Si substrate (Fig. 5b) 
Bulge Test Results
The main experimental result of the bulge test is provided by the plot of the applied pressure p versus the maximum deflection of the membrane h in its center (Fig. 6a) Figure 6b , then leads to the values of o-o and M in the film. In our case we used the numerical values of c1 and c2 suggested by Nix et al. [3] to calculate the film residual stresses and biaxial moduli. The values of the mean residual stresses are indicated in Figure 7 and compared to values obtained previously by the substrate curvature method as functions of xenon deposition pressure [4, 18] . It can be seen that both kinds of results are consistent for films in tensile stress state, which confirms the reliability of the bulge test as a residual stress détermination method when buckling of the membrane does not occur. Results from substrate curvature measurements show a monotonic transition from a compressive stress state at low pressure to a tensile stress state above a critical rare gas pressure. As discussed previously for W/Si samples [4] , this behaviour mainly results from peening effect during deposition. The this is related to in-depth stress gradients which are common in metallic films [19] or to the difference of texture between these films.
The elastic moduli of the tungsten films which have been deduced from our bulge test experiments are also consistent with the common values in literature for bulk tungsten, but the precision of the results is less satisfactory. Actually, the slope of the linear fit of experimental data as in Figure 6b is less precisely determined than the intercept mostly because of incertitude on the membrane geometry, as discussed by Small et al. [11] . 3 Figure 8 . During this debonding, the increase in height and diameter of the blister induces a relaxation of the fluid pressure.
The value of the crack propagation energy release rate can be calculated by writing that the work done by the pressurized fluid during the blister growth is converted into elastic energy stored in the membrane plus new interfacial fracture surfaces [5, 20] . This results in the following blister equation :
where Ci is the interfacial adhesion energy. C is a dimensionless parameter which depends on the variable ( == (M/03C3)(h/r)2 [5] where r is the blister radius and other symbols were defined above. The theoretical value of C increases only by 25% when ( varies from 0 to infinity [5] . In our case ( is always 0.2 and a value of C equal to 0.54 was taken for all samples. The relationship between p and h in the debonding régime is thus approximately an hyperbolic curve the position of which is intrinsically significant of the adhesive strength of the investigated interfaces. Figure 9 
